In vitro proteolytic cleavage of the Gazdar murine sarcoma virus (Gz-MuSV) p65 gag polypeptide (Gz-p65gag) was facilitated by detergent-disrupted Moloney murine leukaemia virus (Mo-MuLV). Incubation of radioactively labelled Gz-p65 g~g in the presence of unlabelled Mo-MuLV under optimal conditions resulted in the cleavage of Gz-p65 o~g to proteins of 40 000 (P40) and 25 000 (P25) M r. P40 and P25 appeared to be similar in both mobility and antigenicity to Mo-MuLV intermediates, Pr40 g~g and Pr25 gag, previously found in infected cells. Additional proteins of 30000 (Gz-p30), 15000 (Gz-pl2), 12000 (Gz-pl5) and 10000 (Gzpl0) Mr were also generated upon cleavage of Gz-p65 gag and contained antigenic determinants of Mo-MuLV structural proteins p30, ppl2, p15 and pl0, respectively. Both detergent-disrupted Mo-MuLV and Rauscher murine leukaemia virus produced similar cleavage profiles. Trypsin and detergent-disrupted mouse mammary tumour virus generated cleavage patterns very different from that produced by Mo-MuLV. Both visual and quantitative time studies of the reaction indicated that P40 gave rise to Gz-p30 and Gz-pl0. Tryptic peptide mapping of Gz-p65 gag and its cleavage products supported the results obtained from both immunoprecipitation studies with anti-gag sera and the kinetics of cleavage of Gz-p65 g~g. Both Mo-MuLV Pr65 gag and Gz-p65 gag were found to be very similar in primary sequence as judged by peptide mapping. P40 produced tryptic peptides that comigrated with Mo-MuLV p30 peptides; P25 contained tryptic peptides that were also found in Mo-MuLV p15. Gz-p30 and Gz-pl5 contained the tryptic peptides of MoMuLV p30 and pl 5, respectively, that were found in P40 and P25. The Gz-p 10 fraction contained a tryptic peptide that was also found in P40, but not p30. These results provide good evidence that the protease packaged within Mo-MuLV can cleave, in vitro, the gag-related polyprotein of Gz-MuSV in a manner very similar to the processing of Mo-MuLV Pr65O~9 in infected cell culture systems.
INTRODUCTION
Gazdar murine sarcoma virus (Gz-MuSV) was isolated from a spontaneous tumour arising in a New Zealand white x New Zealand black F~ mouse (Gazdar et al., 1972a, b) . Gz-MuSV was found to be closely related to the ml isolate of Moloney MuSV (Mo-MuSV) (Donoghue et aL, 1979a) . Gazdar MuSV is similar to Mo-MuSV in that it is a replication-defective virus and has acquired the 1.2 kb mouse mos cell sequence (Donoghue et al., 1979a, b; Gazdar et al., 1971) . One particular line of hamster cells (HTG2) infected with Gz-MuSV produces a non-infectious retrovirus with immature morphology (Gazdar et al., 1972a, b) . These inflected cells (HTG2) and the released virus were shown to lack detectable gp70, pl 5(E) and reverse transcriptase activity (Dempsey, 1979; Pinter & De Harven, 1979) . The virus contains a major gag gene product of about 65 000 Mr, termed G z-p65ga% which contains antigenic determinants of the Moloney murine leukaemia virus (Mo-MuLV) mature structural proteins p15, ppl2, p30 and pl0 (Dempsey, 1979; Maxwell & Arlinghaus, 1981; Yoshinaka & Luftig, 1982) .
In a brief report, we examined the proteolytic cleavage in vitro of Gz-MuSV p65 ga9 (Maxwell & 0000-6171 © 1985 SGM s.A. MAXWELL AND R. B. ARLINGHAUS Arlinghaus, 1981) . The cleavage reaction appeared to proceed in a specific and faithful manner analogous to Mo-MuLV Pr65 gag cleavage in infected cells. Intermediates of 40 000 Mr (P40) and 25 000 Mr (P25) were produced upon addition of unlabelled disrupted Mo-MuLV to [3H]leucinelabelled Gz-MuSV p659ag in a Tris buffer containing NP40 detergent and dithiothreitol (DTT). P40 contained Mo-MuLV p30 and pl0 antigenic determinants, whereas P25 possessed those of Mo-MuLV p15 and ppl2. These proteins were similar in size and antigenicity to the wellcharacterized Pr40~ag and Pr25g a~ intermediates found in Mo-MuLV-infected cell (Naso et aL, 1979) . Pr40 ~a~ is further cleaved to yield p30 and pl0, and Pr25 ga~ produces ppl2 and p15. The 30000 Mr, 10000 Mr, 15000 Mr and 12000 Mr proteins produced in vitro shared sizes and antigenic determinants with Mo-MuLV structural proteins p30, pl0, ppl2, and p15, respectively. These results are consistent with those previously found using MuLV immature cores (Yoshinaka & Luftig, 1977a, b) . Incubation of NP40-disrupted Rauscher MuLV with Pr65g agrich immature cores in Tris buffer and NaCI led to the cleavage of the gag polyprotein. A new protein of 40 000 Mr was produced with a simultaneous increase in lower molecular weight proteins that co-migrated with p15, ppl2 and pl0. These results on the Gz-p65 cleavage have been confirmed by cleavage of Gz-p65 with a partially purified MuLV proteolytic factor (Yoshinaka & Luftig, 1982) .
We now present further evidence supporting the specificity of the proteolytic cleavage in vitro of Gz-MuSV p65 ga~ by the Mo-MuLV-associated protease. A quantitative time study and tryptic peptide mapping of cleavage products produced in vitro were performed which extended our previous results that suggested the Mo-MuLV-associated protease is cleaving Gz-MuSV p65~ a~ in vitro in a manner similar to cleavage of Mo-MuLV Pr65g ~g in whole cells.
METHODS
Virus production. Gz-MuSV was harvested from a transformed hamster cell line (HTG2). The infected HTG2 cell line was obtained from Dr L. Phillips of the National Cancer Institute (Bethesda, Md., U.S.A.). Cells were maintained in complete medium (Eagle's MEM with modification by addition of 30 mg/1 glycine, 42 mg/1 L-serine, 3"28 g/1 tryptic phosphate broth and by doubling the amount of all amino acids except L-arginine) containing 10~ foetal calf serum. Mo-MuLV (clone 1) was produced from infected NIH 3T3 ceils maintained in McCoy's 5A medium supplemented with 15~ foetal calf serum.
Virus isolation. Radioactive Gz-MuSV was prepared by incubating 2 quart (1.9 litre) roller bottle cultures of HTG2 cells in complete medium diluted 1:1 with Hanks" balanced salt solution containing 10~ dialysed foetal calf serum and 50 to 100 laCi/ml [3H]leucine. Medium was harvested every 24 h. Virus was pelleted by high-speed centrifugation (100000 g for 2 h) and purified by banding in 15 to 60~o sucrose gradients (35000 g for 18 h) (Syrewicz et al., 1972) . Purified virus was pelleted by centrifugation (100000 g for 2 h) in TNE (20 mM-Tris-HC1 pH 7.5, 150 mM-NaC1, 1 mM-EDTA) and stored at -70 °C.
In vitro cleavage assay. Purified virus was suspended in double deionized water and pelleted by centrifugation (100000 g for 2 h) before the assay. Both [3H]leucine-labelled Gz-MuSV and unlabelled clone 1 Mo-MuLV were disrupted in 0.1 ~ NP40, 10 mM-Tris-HCl pH 7.5, 10~ glycerol and 1 mM-DTT. Approximately 25000 c.p.m. (10 to 20 lag) of disrupted [3H]leucine-labelled Gz-MuSV was mixed with 100 to 500 lag disrupted clone 1 Mo-MuLV and incubated in a 40 gl reaction volume at room temperature for 1 to 18 h. The reaction was terminated by addition of a twice-concentrated sample buffer (2~ SDS, 2~ 2-mercaptoethanol, 20~ glycerol, 20 mM-Tris-HCl pH 7-5, 0-04~ bromophenol blue). The samples were then heated for 3 rain in a boiling water-bath and applied to an 11.25~ SDS-polyacrylamide gel prepared for electrophoresis.
Gel electrophoresis. SDS-PAGE (Laemmli, 1970) and fluorography (Bonner & Laskey, 1974 ) were performed as previously described. Electrophoresis was performed at 25 mA/gel for approximately 3.5 h. The polyacrylamide gel was fixed for at least 1 h in 45~ methanol, 9~ acetic acid followed by shaking for 1 h in En3Hance (New England Nuclear). The polyacrylamide gel was then shaken in 3~ glycerol for 30 min, dried on filter paper under heat and vacuum, and exposed at -70 °C to DuPont Cronex 2DC X-ray film preflashed to obtain a linear response (Laskey & Mills, 1975) .
Tryptic peptide mapping. Tryptic peptide mapping was performed as described by Arcement et al. (1977) . Radioactively labelled protein bands were cut from the dried polyacrylamide gel. The paper backing was removed and the gel slice soaked in 0-05 M-NH4HCO3 pH 8.6. The gel was incubated for 10 min at 20 °C to allow the gel to swell. Trypsin was then added at a final concentration of 50 gg/ml [trypsin stock solution: 25 mg TPCK-trypsin (Worthington) and 50 lal 1 M-HC1 in a final volume of 5 ml]. One drop of toluene was added to prevent bacterial growth. The mixture was then incubated at 37 °C for 16 h with shaking. Another 1 vol. of trypsin was added, followed by shaking for 4 to 6 h at 37 °C. Gel fragments were filtered out on a Millipore filter (0.45 lam). The filtrate was lyophilized and the powder dissolved in a pH 2.5 pyridine-acetate buffer (280:3:717, acetic acid : pyridine : water). The sample was then applied onto a 1 x 23 cm column containing Chromobead type P resin (Technicon, Dallas, Tx., U.S.A.). Chromatography was performed using a pyridine-acetate, non-linear gradient from pH 2.5 to pH 4.5 followed by a pH 5 pyridine-acetate wash at fraction number 146. Fractions of 3.33 ml were collected at a flow rate of 20 ml/h at 50 °C. The fractions were dried in an oven and 0.5 ml of 0.01 M-HCI and 5 ml of Atomlight fluor (New England Nuclear) were added to each. Fractions were then monitored for radioactivity in a Packard Tricarb liquid scintillation spectrometer.
Quantification o fin vitro cleavage products. Radioactive protein bands were cut from dried SDS-polyacrylamide gels and allowed to swell in 25 to 50 ~tl distilled water in scintillation vials. A scintillation cocktail containing 10~ NCS gel solubilizer (Amersham), 4.4~ Scintiprep fluor (Fisher Scientific, Fairlawn, N.J., U.S.A.) and 85.6~ toluene was added to each vial to a volume of 3 ml. The gel slices were incubated in the scintillation cocktail overnight at 37 °C and then monitored for c.p.m, in a Packard Tricarb liquid scintillation spectrometer.
RESULTS

Cleavage of Gz-MuSV p65 gao with respect to time
The kinetics of in vitro cleavage of Gz-p65 gag were monitored by SDS-PAGE (Fig. 1 a) . The protein bands were quantified by eluting the proteins from the gel shown in Fig. 1 (a) and analysing for radioactivity. The data were plotted as a function of time ( Fig. 1 b, C) and showed that Gzp65 g~g decreased rapidly after 1 h of incubation with concomitant increases in P40 and P25. P40 reached a peak at 1 h and then decreased in amount up to 6 h incubation (Fig. 1 b) . The reduction in P40 was accompanied by a dramatic increase in the 30000 Mr (Gz-p30) protein and some increase of the 10 000 Mr protein (Gz-pl0). This kinetic relationship is consistent with Gz-p65 ~ag being cleaved to P40 which in turn is cleaved to Gz-p30 and Gz-pl0. As shown in Fig. 1 (c) , p25 continued to rise to a maximum at around 3 h incubation and remained stable thereafter. Small increases in Gz-pl5 and Gz-pl2 were observed to occur from 3 to 18 h incubation. At 18 h, the amount (c. p.m. subtracting background in the control) of Gz-p30, Gz-p 10, Gz-p25, Gz-p 15 and Gz-pl2 was summed and found to be 94% of the total c.p.m, in the control. This result indicates that Gz-p30, Gz-pl 0, P25, Gz-pl 5 and Gz-pl 2 are essentially the only cleavage products of Gz" p65gag.
TO determine the specificity of the Gz-p65~ ~g in vitro cleavage, other enzyme preparations were incubated with Gz-p659~g (Fig. 2) . Little cleavage of [3H]leucine-labelled Gz-p65 gag occurred with unlabelled disrupted mouse mammary tumour virus (MMTV) (Fig. 2d) . A protein of around 15 000 Mr did appear upon incubation of Gz-p65 ~ag with disrupted MMTV, but its origin is unknown. Disrupted Rauscher MuLV cleaved Gz-p65 g~g (Fig. 2e ) in a manner similar to that seen with Mo-MuLV (Fig. 2c) . Trypsin produced many cleavage products differing in size from those produced by both Moloney and Rauscher MuLVs (Fig. 2 f) . However, a protein very similar to size to p30 was generated.
Peptide mapping of cleavage products
A comparison of [3H]leucine.labelled Mo-MuLV Pr65 ga~ with [3H]leucine-labelled Gz-MuSV p65 gag, using [14C]leucine-labelled Mo-MuLV p30 as a marker, showed a close homology between the two proteins (compare Fig. 3a, b) . For identification purposes, Mo-MuLV leucinecontaining tryptic peptides were identified with lower case letters, whereas Gz-MuSV peptides were labelled numerically. Gz-p65 ga9 contained peptides that co-migrated with many of those in authentic Mo-MuLV Pr65g ~g, but Mo-MuLV Pr65g ag peptides b, d, f, k, 1, p and t were missing in Gz-p65 ~g. Peptide 8 of Gz-p65 g~9 (Fig. 3b) and peptide i of Mo-MuLV pr65 gag had similar elution rates, which suggested a slight modification in structure possibly due to a small increase in basicity. Additional peptides numbered 12, 13 and 14 were seen in Gz-p65 ~o which were not detected in significant amounts in Mo-MuLV Pr65oa0. Mo-MuLV p30 sequences were found in Gz-p65oaQ as shown by the presence of peptides 1, 9, 10, 11, 15 and 18 which co-migrated with Mo-MuLV p30 peptides (Fig. 3b) ; these same peptides co-migrated with Mo-MuLV pr650ag peptides a, j, m, n, o and s, respectively (Fig. 3a) . Gz-p65 gag also contained Mo-MuLV p15 peptides (Fig. 3d) . These same p15 tryptic peptides, identified as g and q, were found in Pr65 ga0 tryptic peptides ( c o m p a r e Fig. 3c, d) . In c o n s i d e r i n g all these results, it is quite clear t h a t Gzp65 gag is similar in p r i m a r y s e q u e n c e to M o -M u L V Pr659,9.
Tryptic peptide m a p p i n g was p e r f o r m e d in order to d e t e r m i n e the c o m p o s i t i o n of P40 a n d demonstrated the presence of Gz-P65 gag tryptic peptides 1, 5, 9, 10, 11, 12, 13, 14, 15, 17 and 18 (Fig. 4a ). In addition, 5a and 5b appeared: peptide 5b could be an altered peptide 8 and 5a was probably hidden by peptide 6. A peptide map of Gz-p30 produced in vitro definitely confirmed that Gz-p30 was arising from P40 cleavage (compare Fig. 4a, b) . P40 tryptic peptides 5a and 13 ( Fig. 4a) were missing in Gz-p30 (Fig. 4b) . P25 contained peptides 2, 3, 4, 6, 7 and 16 (Fig. 5a ). The Gz-p 15 produced in vitro showed strong homology to Gz-MuSV P25, having co-eluting peptides 6, 7 and 16 (Fig. 5b ). Problems were encountered in obtaining tryptic maps of Gz-pl2 and Gz-pl0 produced in vitro. The former appeared to digest poorly with trypsin since only one major peak eluted in the pH 5 pyridine-acetate wash (data not shown). The Mo-MuLV ppl2 has also been found to be resistant to tryptic digestion (Naso et al., 1979) . A tryptic peptide map of Gz-pl0 generated in vitro revealed that Gz-p30 peptides had contaminated the lower 10000 Mr region of the polyacrylamide gel. In an attempt to remove this contamination, Gz-pl0 was purified from the reaction mixture by immunoprecipitation with monospecific antisera against Mo-MuLV pl0. The tryptic peptide profile of purified Gz-pl 0 (Fig. 4 c) shows that Gz-p30-specific peptides 5 and 5c were still present, along with peptides 13 and 13a which we believe to be Gz-p 10-specific. Peptide 13 was found in P40 but not in Gz-p30. Peptide 13a may have been hidden by the closely migrating Gz-p30 peak 11 in P40. A minor peak labelled * is of unknown origin (Fig. 4c , fractions 97 and 98) which is present in P40, P25 and Gz-p30 but not in Gz-pl5. closely related to Mo-MuLV (Ng et al., 1980) and would be expected to produce a similar cleavage pattern. In contrast, disrupted MMTV was unable to significantly cleave Gz-p659ag~. MMTV, however, is of the B-type morphology and is structurally unrelated to Rauscher or Moloney MuLVS (Tooze, 1973; Anderson et al., 1977) .
P25, a n d to identify the final cleavage products. A tryptic p e p t i d e m a p of P40 p r o d u c e d in vitro
A time course study of in vitro cleavage of Gz-p65 gag provided useful results that allowed identification of the cleavage products and the possible sequence of events. Visual studies as well as quantitative kinetic studies, showed that the formation of P40 and P25 immediately followed the disappearance of Gz-p65 gag, and subsequent disappearance of P40 coincided with increases in both Mo-MuLV p30-and pl0-size proteins (Gz-p30 and Gz-pl0, respectively). Small amounts of 15000 Mr (Gz-pl2) and 12000 Mr (Gz-pl5) proteins appeared to arise by inefficient cleavage of P25, which shares antigenic determinants with Mo-MuLV p15 and ppl2. Tryptic peptide mapping studies confirmed both immunoprecipitation and kinetic studies. Close homology was seen when [3H]leucine-labelled tryptic peptide patterns of Gz-p65 gag and Mo-MuLV Pr65gag were compared. The Gz-p65 gag contained six tryptic peptides that co-migrated with those of Mo-MuLV p30 and two tryptic peptides that were related to Mo-MuLV pl5-specific tryptic peptides. Further mapping studies demonstrated that Gz-p30, produced by cleavage of Gz-p65 ga~ in vitro, possessed many peptides found in P40 while the Gz-pl5 generated in vitro contained peptides co-eluting with those of P25. Both the Gz-p30 and Gz-pl5 produced in vitro shared co-eluting peptides of authentic Mo-MuLV p30 and p15, respectively.
Gz-pl0 purified by immunoprecipitation from the reaction mixture contained two peptides that co-migrated with p30 as well as two additional peptides, one of which co-migrates with peptide 13 found in both Gz-p65 ga~ and P40, but not in P25, Gz-p30 or Gz-pl5. One possible explanation for these findings is that bona fide Gz-pl0 is produced by cleavage of P40, but that a second 10000 Mr protein is also produced. We suggest that this second protein is a fragment of Gz-p30 which may be closely associated with Gz-pl0 since it is co-precipitated along with pl0 by anti-pl0 sera. Possibly the 10000 Mr Gz-p30 fragment forms a complex with Gz-pl0. In this regard, a 20 000 M~ protein is produced at around 6 to 18 h of incubation (Fig. 1) . Several internal cleavage sites in Mo-MuLV p30 were found to be recognized by the thiol-like avian myeloblastosis virus protease (Yoshinaka & Luftig, 1981) . One site was located at the C-terminal one-third of Mo-MuLV p30. The cleavage of P40 to Gz-p30 and Gz-pl 0 was stimulated by addition of DTT to the reaction mixture, suggesting stabilization of a thiol-like protease (Maxwell & Arlinghaus, 1981) . The p30-pl0 cleavage site in Mo-MuLV Pr65 gag consists of a Leu-Ala sequence (Shinnick et al., 1981) that is recognized by thiol proteases. Upon examination of the Moloney MuSV gag polyprotein amino acid sequence, the Leu-Ala sequence can also be found approximately 127 amino acids from the C-terminus of p30 (Van Beveren et al., 1981) . The MuLV-associated protease may recognize the site internal to Gz-p30 and may generate fragments of approximately 20000 Mr and 10000 Mr (Fig. 6) . Another possible explanation of the complex p 10 band may be that cleavage has occurred in Gz-p65 gag within the C-terminal Gzp30 sequences and N-terminal Gz-pl0 sequences, producing a 10000 Mr hybrid protein (Fig. 6 ). Yet another possibility may be that tryptic digestion of Gz-pl 0 generated two peptides that comigrate with Gz-p30 5 and 5c peptides. However, based upon Mo-MuSV sequence results, only two Gz-pl0-specific peptides (13 and 13a) would be expected; two such peptides were found in the Gz-p 10 map. Whether cleavage occurs within the p30 region and whether it is significant to the maturation and assembly of virus particles remains to be determined.
Regarding p12 sequences, peptides 2 and 3 can be found in Gz-p65 gag and P25 but not in Gzp15. These could be Gz-pl2-specific peptides since three Gz-pl2 tryptic peptides would be expected upon examination of the amino acid sequence of Mo-MuSV-124-coded Pr62 gag (Van Beveren et al., 1981) . These Gz-pl2 sequences may be digestible with trypsin in the precursor proteins, but not in the final product. Peptide 4, produced by tryptic digestion of Gz-p65 and P25, could be a junction fragment containing C-terminal Gz-pl5 and amino terminal Gz-pl2 sequences. Tryptic digestion of Gz-pl5 may yield a C-terminal peptide (peptide 4a) that lacks the N-terminal Gz-pl2 sequences. Table 1 lists the peptides of Gz-p65 gag cleavage products that co-migrated with those peptides found in Mo-MuLV P65 gag. Considering the known order of structural proteins in the gag region of Moloney MuLV (Oroszlan & Gilden, 1980) and observed heteroduplexes between Mo-MuLV and Gz-MuSV genomes (Donoghue et al., 1979a, b) which show their close relationship in the gag region, P40 and Gz-p30 would originate from the C-terminal half of Gz-p65 gag, whereas P25 and Gzop 15 would be derived from the N-terminal portion of the protein. The overall gene order would be the same as that in Moloney MuLV (Fig. 6) .
The evidence presented above supports the Gz-p65 g~g in vitro cleavage model shown in Fig. 6 . The gag gene polyprotein, p65, of Gz-MuSV is initially cleaved to intermediates P40 and P25. In turn, P40 is then quickly and efficiently cleaved to Gz-p30 and Gz-pl0. Other cleavage events may also occur within Gz-p30 yielding 20000 and 10000 Mr fragments or within both the Gzp30 and Gz-p 10 sequences, generating a p30--p 10 hybrid protein. The production of Gz-p 12 and 
